In a little under a decade, the James Webb Space Telescope (JWST) program has designed, manufactured, assembled and tested 21 flight beryllium mirrors for the James Webb Space Telescope Optical Telescope Element. This paper will summarize the mirror development history starting with the selection of beryllium as the mirror material and ending with the final test results. It will provide an overview of the technological roadmap and schedules and the key challenges that were overcome. It will also provide a summary of the key tests that were performed and the results of these tests.
INTRODUCTION
The James Webb Space Telescope (JWST) Optical Telescope Element includes 21 light-weighted, cryogenic beryllium primary mirror segments. 1 The full set includes eighteen 1.52m point to point hexagonal primary mirror segments along with a Secondary Mirror (SM), Tertiary Mirror (TM) and Fine Steering Mirror (FSM). The mirrors for JWST required a technology development program, a competitive mirror selection process, a facilitization effort, an aggressive risk management program, a full scale production effort, and a thorough test program. As this effort is now complete, all of the JWST mirrors are finished and available to the program.
TECHNOLOGY DEVELOPMENT
The technology development process for JWST started with the recognition that the cryogenic mirror technology used on the Spitzer Space Telescope was not sufficient for JWST. In fact, as shown in Figure  1 , the JWST program identified the need for and began development of lower areal density mirrors soon after the 1996 inception of the program. While several mirror technology development paths were followed during those very early days, the most important ones were the Subscale Beryllium Mirror Demonstrator (SBMD), the Advanced Mirror Systems Demonstrator (AMSD) and the NGST Mirror System Demonstrator (NMSD). 2 The SBMD and AMSD 3 programs ultimately provided the key technology pathway for JWST while NMSD helped educate the program on options that were not pursued. The various mirror architectures and specifications developed in the three programs are shown on the top of Figure 2 . The SBMD was a Ball Aerospace Internal Research And Development (IRAD) effort to make a .5 meter highly lightweighted berrylium mirror (sphere) using the new isotropic O-30 Beryllium powder developed by Brush Wellman. Soon thereafter, a multi-agency collaboration between NASA, DoD and NRO was formed to develop 15 kg/m2 lightweight mirrors. In its initial phase, the program selected the 8 architectures shown on the left of Figure 2 for study. Three of the mirror architectures were down-selected for Phase 2 AMSD efforts to actually fabricate the 1.2m flat to flat 15Kg/m2 mirrors studied in Phase 1. Of the three architectures, a Ball Beryllium mirror, a Hughes Danbury High Authority Mirror, and a Kodak (now ITT Exelis) ULE mirror, the Ball and Kodak mirrors were continued and finished after the JWST prime contractor was selected.
Figure 1. Roadmap
While the SBMD and AMSD programs were very instructive and achieved much of the technology demonstration needed, achieving full Technology Readiness Level-6 (TRL-6) 4 was a requirement by the program Technology NonAdvocate Review and AMSD and SBMD did not sufficiently demonstrate both flight survivability (acoustics and vibe) and stress issues of fabrication. Therefore, as shown in the lower right of Figure 2 , the stress demonstration and flight survivability efforts were added to the program to achieve TRL-6. This included adding an AMSD Phase 3 which involved demonstrating the control of beryllium fabrication stresses via stress coupons. In addition, the demonstration of mirror acoustics and vibration survival was done with a partially finished flight mirror (using an electronic speckle pattern interferometer for pre and post optical measurements) and the demonstration of the actuation was done using the Engineering Design Unit. As will be shown later, many of the technology items were funded through the JWST risk management and mitigation process. 
MIRROR SELECTION
Once the prime contractor was brought on board, a Mirror Recommendation Board consisting of experts from both the prime contractor team and the government worked collaboratively to select the mirror architecture. Many of these experts carried over from the technology phase. The team evaluated the two mirror options that the prime contractor proposed, one that used Beryllium and one that used ULE. The key data used to assess the cryogenic performance was the cryogenic test results of the AMSD-2 data. The decision process and dates and the team involved in this activity are shown in Figure 3 . The results of the AMSD-2 cryogenic testing results for the ULE and Beryllium mirror are shown in Figure 4 . The results substantiated the key technical advantage of Beryllium: its thermal conductivity and CTE at cryogenic temperatures. In the end, Beryllium was selected on this technical basis which was perceived to hold system advantages (for example, active thermal control was not needed). Beryllium also had another system advantage in that it could be lighter weight for the architectures proposed. The AMSD-2 data was the primary factor in the mirror selection and the main data used to plan the fabrication efforts. 
Beryllium Mirror Selected Because of Superior Cryogenic Properties

RISK MANAGEMENT
Even before the mirror was selected, JWST initiated risk management processes to mitigate risks associated with its development. 6 In many ways the early adoption of risk management and the early prioritization of mirror risk management funding helped lead to the success of the mirror program. As can be seen in Figure 5 , many risks were identified, entered and mitigated through the life of the mirror development program. The risks themselves chronologically track the phase of the program in which they were entered. For example, early in the program the key risks were early fabrication (especially beryllium stress issues) and design issues (for example, large vibroacoustics loads). As the mirror development progressed, the risks transitioned to specific fabrication issues (eg, edges), testing and spares. As a result of the risk process, an engineering design unit was added for both the primary mirror segment and the secondary and both were extremely valuable and later converted to spares. 
MIRROR FABRICATION
The mirror fabrication involved a large effort that was managed by Ball Aerospace and which included several contractors and facilities around the county. The basic flow and typical durations of the fabrication effort is shown below in Figure 6 .
Figure 6: Mirror Fabrication Flow
The actual as-run schedule for the entire mirror fabrication effort can be seen below in Figure 7 . The end to end effort lasted approximately 8.5 years. 
RESULTS
The fabrication of all flight mirrors including coating and testing completed in December, 2011. The mirror themselves can be seen in Figure 8 . The top level RMS results for each of the mirrors can be seen in Figure 9 . All mirrors meet their RMS specification which is the critical driver for telescope performance. More detailed results for the primary mirror segments can be seen after ambient testing in Figure 10 . More detailed final cryogenic testing results can be seen in Figures 11 and 12 . Although there were a few segment level allocations not met, the primary mirror requirements overall were met with margin. Proc. of SPIE Vol. 8442 84422B-8 
SUMMARY
The development of the mirrors for JWST was a major undertaking. The team involved included engineers, managers and technicians from several companies and organizations, many of whom are shown on Figure 13 . In under a decade, 21 flight mirrors including the >25 square meters of lightweighted, cryogenic beryllium mirrors were designed and fabricated. While the original technology effort benefitted from a collaboration between NASA and other government agencies, the development effort was primarily a collaboration between NASA, industry and academia. The mirrors meet their top level specification and many technical challenges were overcome. The focus now is on finishing the rest of the telescope and performing system level testing
Figure 13: Mirror Teams
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